Abstract. Homeobox genes function as master regulators in embryonic morphogenesis. We hypothesized that homeobox genes are essential to maintain tissue-or organ-specificity even in adult body and that the dysregulated expression of homeobox genes results in tumor development and progression. To better understand the roles of homeobox genes in development and progression of esophageal cancer, we analyzed the expression patterns of 39 HOX genes and 4 ParaHOX (CDX1, CDX2, CDX4 and PDX1) genes in esophageal squamous cell carcinoma (ESCC) and normal esophageal mucosa tissues. A total of 48 primary ESCC tissues and 7 normal esophageal mucosa tissues were resected from patients who underwent radical surgery without any preoperative chemotherapy or radiotherapy. The expression of HOX and ParaHOX genes were analyzed by a quantitative real-time RT-PCR method and immunohistochemistry. The expression levels of 24 HOX genes, CDX1, CDX2 and PDX1 were significantly higher in ESCC compared to normal mucosa (p<0.01, Mann-Whitney U test). The Immunohistochemical study revealed that HOXA5 and D9 proteins were more cytoplasmic in ESCC than normal mucosa cells. Our data indicate that the disordered expression of HOX and ParaHOX genes are involved in the development of ESCC or its malignancy.
Introduction
Homeobox genes are master development-controlling genes that regulate the morphogenesis and cell differentiation in animals (1) . The genes contain a common DNA motif of 180 bp, the homeobox, which encodes a highly conserved 60 amino-acid homeodomain. The homeodomain is responsible for recognition and binding of sequence-specific DNA motifs, and cis-regulates the transcription of genes relevant to formation of specific segmental architecture (2) . Homeobox genes are subdivided into ~20 subgroups according to their primary sequences. HOX genes, one of the subgroups of homeobox genes, were originally identified in Drosophila. Human genome contains 39 HOX genes arranged in four clusters HOXA, HOXB, HOXC and HOXD located on different chromosomes. CDX and PDX genes are known as ParaHox genes, an evolutionary sister of the Hox clusters. CDX genes are human homologues of the Drosophila Caudal gene which is required for anterior-posterior regional identity. Some studies of CDX1 and CDX2 suggest that they are important in the early differentiation and maintenance of the intestinal epithelium. For example, in vitro experiments using rodent and human cell lines indicate that modification of CDX1 or CDX2 expression alters cell growth or the intestinal differentiation phenotype (3, 4) . In vivo observation of CDX genes and their products during mouse development or phenotypic analysis of CDX-gene-mutant mice identifies a role of CDX genes in the maintenance of the intestinal phenotype (5, 6) . PDX1 is another member of the ParaHox subgroup and plays a crucial role in the genesis and development of the pancreas and duodenum (7) .
Recently, there is growing interest in investigating the relationship of abnormal expression of these homeobox genes with carcinogenesis or malignant progression. The deregulated expression of HOX genes has been observed in certain human solid cancers including kidney, colon, bladder and prostate cancers (8) (9) (10) (11) . It is also reported that HOX gene expression is different between metastatic and non-metastatic phenotype in lung and melanoma (12, 13) . CDX1 and/or CDX2 are often expressed in adenocarcinoma of the esophagus or stomach, but not in normal esophagus and stomach, whereas the expression of CDX1 and/or CDX2 are lost in primary colorectal cancers (14, 15) . PDX1 plays an important role in the development of pseudopyloric glands which may reflect a condition associated with gastric carcinogenesis (16) .
Esophageal cancer ranks as the ninth most common malignancy worldwide and recent evidence shows that its incidence is increasing (17) . There are two main forms of esophageal cancer: squamous cell carcinoma (ESCC) and adenocarcinoma. In Western countries, the incidence of esophageal adenocarcinoma has been increasing, whereas in Japan no such tendency exists, and the majority of esophageal cancer is ESCC (18, 19) . Prognosis of esophageal cancer is relatively poor, despite the advances made in diagnosis and treatment (20, 21) . To improve the prognosis, it is essential to reveal the molecular mechanism for esophageal carcinogenesis and malignant progression. In the present study, to better understand the roles of homeobox genes in development and progression of esophageal cancer, we analyzed the expression patterns of 39 HOX genes, 3 CDX genes and PDX1 gene in normal esophageal mucosa and ESCC tissues. Reverse transcription reaction for real-time PCR was performed by the method described in our previous study (22) . Table I . Clinicopathological parameters in the 48 cases of esophageal squamous cell carcinoma. 
Materials and methods

Patients
The tumor status of each case was categorized based on the pTNM pathological classification of the International Union Against Cancer.
- Table II . Primers for quantitative real-time RT-PCR analysis of ParaHOX expression.
Quantitative real-time PCR. Quantitative RT-PCR assays were carried out by using ABI PRISM 7900HT (Applied Biosystems) with SYBR-green fluorescence under the conditions described in our previous study (22) . The primer sets for amplification of 39 HOX genes and ß-actin gene were listed previously (22) . The primer sets for amplification of ParaHOX genes (CDX1, CDX2, CDX4 and PDX1) were designed in the same manner as described previously (22), (Table II) .
Immunohistochemistry. Sections (4 μm-thick) of formalinfixed, paraffin-embedded tissue specimens were deparaffinized and dehydrated. After antigen retrieval by heating in a pressure cooker for 10 min, the sections were incubated with 10% normal rabbit serum to block any non-specific reaction. Then, the sections were incubated with a goat polyclonal antibody against human HOXA5 (dilution 1:200; Santa Cruz Biotechnology, Santa Cruz, CA) at 4˚C overnight, followed by incubation with a biotinylated rabbit antibody against goat immunoglobulin (Nichirei, Tokyo, Japan) at room temperature for 30 min. In case of detection of HOXD9 protein, the sections were incubated with a rabbit polyclonal antibody against human HOXD9 (dilution 1:200; Santa Cruz Biotechnology) at 37˚C for 32 min, followed by incubation with a biotinylated goat antibody against rabbit immunoglobulin at room temperature for 30 min. Immunohistochemical reactions were developed in freshly prepared 3,3'-diaminobenzidine tetrahydrochloride (Nichirei). The sections were counterstained in hematoxylin and coverslipped in a syatemic mounting medium. As a negative control, we used 10% normal goat serum or normal rabbit serum (Nichirei) for the primary antibody.
Statistical analysis. 
Results
Expressions of homeobox genes in normal esophageal mucosa tissues. Expression levels of 39 HOX genes, 3 CDX genes and the PDX1 gene in 7 normal mucosa tissues are shown in Fig. 1 . The normal mucosa tissues showed relatively high expressions of HOXA1, A2, A3, B2, B3, B4, B5 and C4 which located at 3'-side of each cluster. The expression of HOX genes belonging to cluster D was silent except HOXD3 and D4 which showed slight expressions. Abd-B family of HOX genes (paralog 9 to 13) which located at 5'-side of each cluster were not expressed except HOXA9 and A11 which were slightly expressed. The 3 CDX genes and PDX1 gene were not expressed in any of the normal mucosa tissues with one exception that expressed the CDX4 gene at a high level (relative expression ratio: 0.00736).
Difference in homeobox gene expression between normal mucosa and squamous cell carcinoma. The expression patterns of 39 HOX genes in 48 ESCCs and 7 normal mucosa specimens are shown in Fig. 2A . We found significant differences in the expression levels of 24 HOX genes (p<0.01, Mann-Whitney U test). An increase in the expression of HOX genes in ESCC was remarkable, especially in Abd-B family of HOX genes. Of the 16 HOX genes belonging to Abd-B family, 12 HOX genes showed a significantly higher expression in ESCC than normal mucosa; the 4 other HOX genes had a tendency of increased expression in ESCC although there was no statistical difference between them. 
Homeobox gene expression and clinicopathologic parameters.
We next classified 48 ESCC specimens into three groups according to T categories: T1, T2 and T3 meant tumor invasion of lamina propria or submucosa, muscularis and adventitia, respectively, and compared the HOX, CDX and PDX1 gene expressions among the three groups. We found 7 HOX genes (HOXA5, A10, B13, C6, C10, C13 and D3) of which expression levels were significantly different among T1, T2 and T3 groups (p<0.01, Kruskal Wallis test). There was a tendency that the expression levels of all the 7 HOX genes in T2 group were highest among the 3 groups, and the expression levels of the HOX genes in T3 group were significantly lower than those in T2 group. There was no difference in expression levels of CDX1, CDX2, CDX4 and PDX1 among the 3 groups (Fig. 3) . We examined the relationship between the expressions of HOX, CDX and PDX1 genes and other clinicopathogical parameters such as lymph node involvement, lymphatic involvement, venous involvement, histological types, the location of tumors and tumor markers (CEA and SCC); however, we found no relation between them.
Immunohistochemical examination for HOXA5 and HOXD9 in ESCC specimens. We subjected ESCC tissues and their adjacent noncancerous mucosa tissues of 9 specimens to immunohistochemical staining to detect the protein expression of HOXA5 and D9 of which expression were higher at mRNA levels in ESCC than normal mucosa tissues. Fig. 4 shows representative results of the immunohistochemical staining. In normal mucosa, HOXA5 immunoreactivity was observed only in the cytoplasma of basal cells (Fig. 4A) . In ESCC tissues, HOXA5 immunoreactivity was detected in cytoplasm of almost all the tumor cells (Fig. 4B) . No detectable HOXD9 immunoreactivity was observed in normal mucosa whereas HOXD9 immunoreactivity was observed in cytoplasm of tumor cells but not stroma tissues in ESCC tissues ( Fig. 4D and E) . Intensity of immunoreactivity of both HOX proteins was consistent with the expression levels of mRNA for both HOX genes in the 9 samples examined (data not shown).
Discussion
In the present study, we tried to elucidate whether deregulated expressions of homeobox genes were involved in development and malignant progression of esophageal squamous cell carcinoma. Our comprehensive analysis of 39 HOX genes, 3 CDX genes and PDX1 gene in 48 ESCC and 7 normal mucosa tissues uncovered the esophagus-characteristic expression pattern of these homeobox genes and its disordered pattern of ESCC.
In normal mucosa tissues, HOXA1, A2, A3, B2, B3, B4, B5 and C4 were highly expressed, and HOXD3 and D4 were also expressed although their expression levels were not so high as the 8 HOX genes. On the other hand, Abd-B family genes (paralog 9 to 13) were not expressed except HOXA9 and A11 which were slightly expressed. Thus, it is characteristic that in each cluster the 3'-located genes showed relatively high expression whereas the 5' located genes were silent. Yahagi et al reported position-specific expression of HOX genes along the human adult gastrointestinal tract (23) . They showed that the first three paralogs in each cluster were highly expressed in the foregut-derived organs such as the esophagus and stomach. We have previously demonstrated that the expression patterns of HOX genes in lung, thyroid Figure 2 . Second part. Different expression levels of HOX genes and ParaHOX genes between esophageal squamous cell carcinoma (ESCC) and normal mucosa tissues. The distribution of the relative expression ratio (HOX or ParaHOX/ß-actin) is depicted by using boxplots in the same manner as in Fig. 1 . A, the graphs of HOX gene cluster A to D are lined from top to bottom; the graphs of HOX gene paralog 1 to 13 are lined from left to right. B, the graphs of ParaHOX genes (CDX1, CDX2, CDX4 and PDX1). Shaded boxes and open boxes represent SCC and normal mucosa tissues, respectively. P-values were determined by the Mann-Whitney U test. and trachea which were at similar location to esophagus along the anteroposterior axis, were almost similar to those in the esophagus (22) . Taken these results together with the observation of Hox expression patters in gastrointestine of mouse or chick embryo, this expression pattern presented herein recapitulates the expression pattern in the embyonic esophagus. The expression of 3 CDX genes or PDX1 gene was not detectable in any normal mucosa except one specimen expressing the CDX4 gene at a high level. This evidence suggests that CDXs and PDX1 are not essential to maintain the tissue architecture and/or function in adult esophagus.
Comparison of the expression levels between normal mucosa and SCC tissues presented different expressions of 24 HOX genes. Expression of all the 24 HOX genes increased in SCC. Chen et al documented 11 HOX genes of which expression was dysregulated in ESCCs (24) . The 24 HOX genes presented herein contained the 11 genes. Discrepancy between our data and theirs may arise from differences in the method of analysis: we used a highly quantitative RT-PCR method whereas they used a semiquantitative RT-duplex PCR method. Of the 24 HOX genes of which expressions increased in ESCCs, 20 genes were the adjacent genes on the same cluster (A5/A6, B6/B7/B8/B9/B13, C5/C6/C8/C9/C10/C11, and D1/D3/D4/D8/D9/D10/D11). This observation suggests the possibility that these adjacent HOX genes are cis-activated and controlled by common upstream regulatory components and that such regulatory components may be dysregulated in esophageal SCC.
The expression of several HOX genes such as HOXA5, A10, B13, C6, C10, C13 and D3 was down-regulated in samples of T3 (depth of invasion) compared to those of T1 and/or T2. As the expression levels of these 7 Hox genes in T1 and/or T2 were significantly higher than those in normal Figure 3 . Different expression levels of HOX genes among esophageal squamous cell carcinomas (ESCCs) with different status of the depth of invasion (T1, T2 and T3). The distribution of the relative expression ratio (HOX/ß-actin) is depicted by using boxplots in the same manner as in Fig. 1 . P-values were determined by the Mann-Whitney U test following the Kruskal-Wallis rank test. mucosa, it was thought that these HOX genes played a positive role in development of esophageal SCC, but not its invasion of adventitia. It is of interest whether loss of the expression of these HOX genes gives tumor cells an advantage to invade adventia or whether any microenvironmental changes to modify HOX gene expression occur in T3 tumors.
We also performed immunohistochemical analysis of the expressions of two HOX proteins, HOXA5 and D9, by using specific antibodies available commercially. Both HOX proteins were expressed in tumor cells at a high level compared to normal regions or tumor stroma. HOXA5 protein was also expressed in the basal cell layer. These observations are consistent with the data from HOX gene expressions by the real-time RT-PCR method: the expression levels of both HOX genes were higher in SCCs than in normal mucosa, and HOXA5 showed slight expression in normal mucosa. Surprisingly, both HOX proteins detected were mainly cytoplasmic but not nuclear. As HOXA5 is a potent transactivator of the p53, i.e., tumor suppressor gene (25) , HOXA5 may be on standby in time of need to respond to DNA damage in proliferative cells such as normal basal layer cells and tumor cells. HOX proteins are reported to have other functions than as DNA binding transcription factors. For example, HOXA13 and D13 interact with Smad protein to modify Smad transcriptional activation (26) . HOX proteins bind to CREB binding protein (CBP) through homeodomain and block its acetyltransferase activity (27) , indicating that HOX proteins modulate the transcriptional activity through interaction with other proteins in a non-DNA binding manner. Therefore, we need to consider the possibility that these HOX proteins interfere with the function of tumor suppressive molecules including p53 protein in tumor cells.
We found the deregulated expression not only of HOX genes but also of ParaHOX homeobox genes such as CDX1, CDX2, CDX4 and PDX1 in ESCC. The expression levels of the 3 genes other than CDX4 were high in ESCC compared to normal mucosa. So far, it has been considered that CDX1 and CDX2 are important in the transition from esophageal epithelium to intestinal-type metaplasia (14, 28) . We showed that CDX1 and CDX2 play a role in the development of not only intestinal metaplasia but also ESCC. The roles of CDX1 and CDX2 in carcinogenesis of digestive tract epithelium have been conflicting: there are reports indicating that they function as oncogenic or anti-oncogenic molecules (4, 29) . Our data may reflect oncogenic function of CDX1/ CDX2 in the development of ESCC since the expression of both genes increased in ESCC. Further, murine Cdx protein is known to be a potent regulator of Hoxa5 expression (30) . HOXA5 expression was higher in ESCC than normal mucosa, thus, it is possible that the increased expression of HOXA5 in ESCC may be induced by CDX1 and/or CDX2. We need to advance the study further to clarify the biological ONCOLOGY REPORTS 17: 753-760, 2007 Figure 4. Immunohistochemical staining of HOXA5 and D9. In normal mucosa, immunoreactivity of HOXA5 was observed in cytoplasm of basal layer cells (A, original magnification x100). The HOXA5 immunoreactivity was observed in cytoplasm of almost all the tumor cells in ESCC tissues, and the adjacent right part was non-cancerous tissues where weak immunoreactivity was detected (B, original magnification x200). No immunoreactivity was detected in the same section as B, which was treated with normal goat IgG instead of anti-HOXA5 antibody (C, original magnification x200). The HOXD9 immunoreactivity was observed in tumor cells (right part) but not in non-cancerous mucosa (left part) (D, original magnification x100). The HOXD9 immunoreactivity was observed in cytoplasm of almost all the tumor cells in ESCC tissues (E, original magnification x200). No immunoreactivity was detected in the section which was treated with normal rabbit IgG instead of anti-HOXD9 antibody (F, original magnification x200).
function of each homeobox gene of which expression was elevated in ESCC and the detailed network between HOX and ParaHOX genes.
An important aspect of the present study is that for the first time we analysed quantitatively the expressions of all HOX and ParaHOX genes at the mRNA level in ESCC and normal mucosa and that we found the disorder of network of these genes in ESCC, which may be involved in ESCC carcinogenesis.
